Background: Cytokines and growth factors are soluble proteins that regulate the development and activities of many cell types. One group of these proteins have structures based on a four-helix bundle, though this similarity is not apparent from amino acid sequence comparisons. An understanding of how diverse sequences can adopt the same fold would be useful for recognizing and aligning distant homologs and for applying structural information gained from one protein to other sequences. Results: We have approached this problem by comparing the five known structures which adopt a granulocytemacrophage colony-stimulating factor (GM-CSF)-like, or short-chain fold: interleukin (IL)-4, GM-CSF, IL-2, IL-5, and macrophage colony-stimulating factor. The comparison reveals a common structural framework of five segments including 31 inner-core and 30 largely exposed residues. Buried polar interactions found in each protein illustrate how complementary substitutions maintain protein stability and may help specify unique core packing. A profile based on the known structures is not sufficient to guarantee accurate amino acid sequence alignments with other family members. Comparisons of the conserved short-chain framework with growth hormone define the optimal structural alignment. Conclusions: Our results are useful for extrapolating functional results among the short-chain cytokines and growth hormone, and provide a foundation for similar characterization of other subfamilies. These results also show that the placement of polar residues at different buried positions in each protein complicates sequence comparisons, and they document a challenging test case for methods aimed at recognizing and aligning distant homologs. 1994, 2:159-173 
Introduction
Cytokines are a group of proteinaceous intercellular messengers involved in the development, activation, and regulation of cells of the circulatory system [1] . Structural studies of these molecules are progressing rapidly and have already revealed that the cytokines can be grouped into a number of different structural families. These include the interleukin (IL)-1-like [3-trefoil family [2] , the IL-8-like family [3, 4] , and the growth hormone-like helical bundle family [5, 6] . As shown in Fig. 1 , members of the helical bundle family contain helices arranged in an up-up-down-down topology, which does not exist in any other known protein structures.
Tertiary structures have been determined for nine members of the helical bundle family of cytokines, and they show that the family can be further divided into three apparent groups which we will refer to as the short-chain (five structures known), the long-chain (two structures known) and the interferon-like (two structures known) subfamilies. Although the helical bundle topology is the same within these three subfamilies, the folds are sufficiently different that successful homology model building applications would require that the folds be treated as distinct. As demonstrated in Fig. 1 , key features of the long-chain subfamily are a bundle of four well-aligned helices 20 to 30 residues in length and a helix A to helix B crossover passing in front of helix D. The crossover connections include short helices, but these are not well-aligned with or integrated with the bundle core. For the short-chain subfamily members, the helices of the bundle are aligned less well and are only 10 to 20 residues long. Also, the crossover from helix A to helix B passes behind helix D and is part of a short two-stranded antiparallel 3-sheet which contributes to the bundle core. The change in the crossover connection suggests there is some difference in the folding pathway of these two subfamilies. The interferons make up the third subfam- This creates a situation in which each helix is antiparallel to both of its neighboring helices. This topology is also called a double crossover antiparallel helical bundle since there are two long segments after helices A and C which cross from one end of the bundle to the other. (a) The fold typical of the short-chain subfamily, whose members are listed in Table 1 . Key elements include a two-stranded 3-sheet and a crossover connection that passes behind helix D. Generally, these proteins have fewer than 150 residues. (b) The fold typical of the long-chain subfamily, whose structurally known members include growth hormone (GH) [19] and granulocyte colony-stimulating factor (G-CSF) [42] . Key elements include no [-strands and a crossover connection that passes in front of helix D. Also, a short helix after ciA that is involved in receptor binding and is common to the two known structures is shown. Generally, these proteins are longer than 160 residues. (c) The fold typical of the interferon-like subfamily, whose structurally known members include interferon-P (IFN-[) [43] and interferon-y (IFN-y) [44, 45] . Key elements include a helix in the C-D crossover and an A-B crossover connection that passes in front of helix D. (d) Exon structures of the structurally known members of each subfamily (references in the order of appearance: [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] ). The major helices (striped) and P-strands (shaded) are indicated and labeled as in (a)-(c).
helix A to helix B crossover passes in front of helix D, as it does in the long-chain cytokines. One unique feature of the interferon fold is that the helix C to helix D crossover forms a fifth a-helix which contributes to the bundle core. It should be noted that macrophage colony-stimulating factor (M-CSF) is naturally dimeric, and that IL-5 and interferon-y, in the short-chain and interferon-like subfamilies respectively, form unusual interdigitating homodimers so that in the prototype domain shown in Fig. 1 the helix C to helix D crossover and the D-helix come from the second chain.
A striking feature of this family is that there is very little amino acid sequence similarity between family members, and even between pairs within the same subfamily the sequences are not recognizably similar. Despite this low level of sequence similarity, a strong case can be made that the members of this family are all related by divergent evolution: they are functionally similar, all being extracellular signaling molecules and, for the most part, binding to homologous receptors [5, 7] ; they are structurally similar, all having a helical bundle of unique topology; and they are genetically similar [7] , most having separate exons encoding the following structural segments: helix A; the A-B crossover; helices B and C and part of the C-D crossover; and the rest of the C-D crossover and helix D (Fig. d) . The striking similarity in exon structure is consistent with the hypothesis that all of the members of this family have diverged from an ancestral protein in which this exon structure was established; differences in individual family members would then be due to insertions or deletions occurring in the individual exons or, in the case of interferon-1, intron loss.
The short-chain subfamily is thought to include at least nine members ( Table 1 ). The structures of five of them have been determined; these are IL-4 [8] [9] [10] [11] , granulocyte-macrophage colony-stimulating factor (GM-CSF) [12, 13] , IL-2 ( [14, 15] and Marcos Hatada, unpublished data), M-CSF [16] and recently IL-5 [17] . Their complete amino acid sequences and secondary structures are shown in Fig. 2 . Understanding how these molecules bind to their receptors and facilitate signal transmission has been a primary motivation for the structural studies, and valuable insights have been obtained [18] . Especially important in this regard is the structure of human growth hormone in complex with its receptor which has provided a paradigm for cytokine-receptor interactions in the helical bundle family [19, 20] . Comparisons of these structures are important to assess how structural and functional information from these family members can be extrapolated to other, unknown, structures. In addition, because of the extensive differences in the amino acid sequences, this family is a fertile subject for the study of protein folding and evolution as well as a testing ground for sequence alignment and homology model building methods. We present here a comparison of the members of the short-chain subfamily whose structures are known, to assess which features of the fold are conserved and to build a foundation on which comparisons between all helical bundle cytokines can be made.
Results

Family consensus framework
The short chain helical cytokines contain six common elements of secondary structure: four ca-helices and two strands of a 13-sheet (Figs 1 and 2 ). Since 13-strand 2 is contiguous with a-helix D, it was here treated as a single segment. The conserved juncture between these two structural elements provided an important tether point for the overlays by allowing every a-helix D to be aligned unambiguously. Starting with these five segments, a consensus framework for the fold was determined by carrying out all pairwise comparisons of the five cytokine structures and retaining a-carbon positions common to all of the pairs. The results of the pairwise comparisons are summarized in Table 2 and Fig. 3 .
The pairwise comparisons yield from as few as 68 equivalent residues in the GM-CSF/M-CSF pair to as many as 81 equivalent residues in the nIL-4/IL-2, GM-CSF/IL-5 and IL-2/IL-5 pairs. (nIL-4 refers to the alndicates the method by which the structures were solved. For structures determined by X-ray crystallography (X-ray), the resolution of the analysis (in A) and R-factor (%) is given. For the structures determined by multidimensional NMR spectroscopy (NMR), the number of constraints per residue and the estimated precision of the main chain atoms (A) is given. bRefers to the access code to obtain the coordinates from the Brookhaven protein databank [57] . CM-CSF here refers to M-CSFc, which is a shorter version of M-CSF and M-CSFy. NMR-derived structure.) The equivalent a-carbon positions common to all of the combinations constitute a common framework for the fold, which consists of 11 residues from a-helix A, 6 residues from 13-strand 1, 13 residues from ca-helix B, 13 residues from a-helix 'C and 18 residues from -strand 2/c-helix D for a total of 61 residues. These five conserved segments will be referred to as cA, 131, aB, aC, and 132/aD, respectively. The consensus framework as defined includes 41-48% of the residues of each cytokine. As can be seen in the superimposed structures (Fig. 4) and has been discussed in many of the original publications, the remainder of the residues are accounted for by the varying lengths of the six main secondary structural elements plus variations in the connecting loops and termini which can include additional short secondary structural elements. For both the pairwise combinations and the common framework, the overall deviations show that IL-4, GM-CSF, and IL-2 are more similar to each other than to M-CSF or IL-5. It is interesting that the various levels of structural similarity are not reflected in the level of amino acid sequence identity. In fact, within the common core, the xIL-4/M-CSF pair has both a greater sequence identity (20 %) and higher structural deviation (2.8A), while the GM-CSF/IL-2 pair has a much lower sequence identity (11 %) and a lower structural deviation (2.1 A). This observation suggests that divergence in sequence among this family of proteins is extensive enough that, for the most part, residue identities as opposed to similarities are likely to be coincidental rather than the result of absolute conservation of a residue from a common ancestor. This is supported by the observation that many identical residues adopt different side chain conformations in the various structures (data not shown). Unfortunately, this phenomenon makes sequence alignment and homology building rather difficult.
Common inner core
The 61 residues that make up the family framework include most of the residues that contribute to the buried inner core of the fold. To identify these residues and to further assess how similar the frameworks of the individual structures are, we calculated the accessible surface area as a function of residue number (Fig. 5 ).
There is general agreement between the plots, as the ca-helices and P-strands tend to show the expected periodicity of three to four residues and two residues, respectively. These trends are particularly visible in the average profile (Fig. 5f ). Among the five structures, 31 residues within the framework average <20 % surface accessibility. As anticipated, these residues correlate well with those which can be seen to contribute to the packing of the inner core of each protein. The major exceptions in the individual profiles are located in caB, where some noncore residues have lower than expected accessibilities because they are covered by the acC to caD connect- For each pairwise comparison, statistics are given for all equivalent residues in the structural element and, in parentheses, for the subset of residues found in the family consensus framework. The statistics reported are as follows: equiv = the number of equivalent residues in the segment; rmsd = the root mean square deviations of the equivalent C a atoms; ident = the percent amino acid sequence identity based on the equivalent residues. A comparison of the xlL-4 and nlL-4 models assigned 103 equivalent residues with an overall rmsd of 1.1 A and a core rmsd of 0.9 A.
ing segment which passes around the outside of cB. residues 1, 3 and 4 of CxB, while for IL-2 it passes higher This chain crossing takes place in different positions mainly covering residues 4 and 7 of aB. In IL-4 it passes for the five structures and causes major differences in still higher to cover residues 7 and 11 of aB (Figs 4 the individual accessibility patterns of ocB. In GM-CSF and 5). In IL-5 this is where the crossover between and M-CSF the crossover is very low and mostly covers the subunits occurs, so that the aC to oaD connecting Fig. 3 (opposite) . Structurally equivalent residues for each pairwise comparison. The four groups of columns show pairwise comparisons of IL-4 with the other four structures, then GM-CSF with the remaining three structures, then IL-2 with the remaining two and lastly M-CSF with IL-5. The family consensus framework produced by all the comparisons is boxed. In the framework column, each residue position is given a designation according to the segment in which it belongs. In this same column, the range of the number of residues observed between each segment in all of the protein sequences is included. segment does not cover ctB at all. In IL-4, GM-CSF and IL-2 this chain crossing is stabilized by a disulfide bond to acB.
Even among the 31 inner-core residues, there are variations in the individual accessibility patterns. These are partly correlated with small rotations in the helix axes, but mostly are due to the occurrence of residues with different polarity at sites that are near the surface of the proteins. There are 13 cases (out of 31 x 5 = 155 total positions) for which the individual accessibility value of an inner-core residues exceeds 20 % (Fig. 5) . The composition of the amino acids found at these positions is noteworthy: four are lysine, four glutamic acid, two arginine, two glycine and there is one each of threonine, proline and isoleucine. Ten of these are polar residues with long apolar stems which can fold to bury their methylene groups and turn outward to place the polar end in the solvent. A good example of this is seen at position 5A, where four structures have apolar residues, while human GM-CSF has an arginine (Figs 3 and 6a) . To convert to percent accessibilities, the surface areas were divided by those calculated for amino acids in a Gly-X-Gly tripeptide [56] . Values > 50 % were set to 50 % for plotting purposes but not for the averaging. The positions which average < 20 % accessibility and are defined as the inner-core positions are shown by filled circles. The fact that some residues which have average accessibilities of between 20 and 25 % are excluded from the inner-core while some residues with exactly 20 /% are included emphasizes that such a 20 %/o cutoff, although useful for analysis, is somewhat artificial.
The overall amino acid compositions of the inner core and the exterior framework are given in Table 3 . The large majority of the inner core residues are hydrophobic, but still 23 % of them have a side chain with hydrogen-bonding potential. Most of these side chains are folded so that the hydrogen-bonding group is at the surface of the protein, but some of them are involved in buried hydrogen-bonding interactions (see below). If the inner core were to be defined more restrictively, including only residues having an average accessibility of <5 %, 18 positions would qualify, and hydrogen bonding side chains would only account for about 12 % of the residues in each of the protein cores. The polar side chains are fairly well distributed among the inner-core residues so that only 12 of the 31 inner-core positions remain purely apolar. If all known sequences of these proteins are included in the analysis (Fig. 7) then only nine of the inner-core residues remain consistently apolar, and only a single inner-core residue, the leucine at 8xA, is perfectly conserved. (The reported DNA sequence for sheep IL-4 has a proline at this position, but as only a single base change converts the codon to a leucine, this may be a sequencing error.) Even for this leucine, however, the side chain torsion angles are not conserved, suggesting there may not be an absolute structural requirement for leucine at this position. It is also of interest that none of the disulfide bonds are within the helical bundle core. The cysteine in the inner core at 15caD of IL-2 is present as a sulfhydryl and that at 8aB is in a disulfide bond with the C to D crossover.
An analysis of the major packing interactions in each protein shows that despite the diversity in sequences, the inner core contact patterns are reasonably well conserved. For inner-core contacts within 4.5 A, IL-4 has 52 interactions, GM-CSF has 57 interactions, and IL-2 has 54 interactions. Twenty-four of these interactions occur at common residue positions in these three proteins. An interesting feature of this is the presence of hydrophilic side chains that have been substituted for hydrophobic side chains at buried positions. These substitutions are usually tolerated through differences in pairs (or triplets) of residues and may also involve. changes in main chain conformation. An example of this occurs at positions 11cA and 5oSD. In GM-CSF a serine-lysine hydrogen bond pair exists, while in the other structures, and even in the mouse GM-CSF sequence [21] , hydrophobic side chains occupy this location (Fig. 6b) . Other examples include the Asp31-Serl07 pair in IL-4 ( Fig. 6c) , the Tyr62-AsnlO9 pair in GM-CSF, the Gln58-Ser84 pair in M-CSF, and the Thrl4-Asn71 pair of IL-5 (all shown in Fig. 6a ).
Alignment of unknown structures
In order to predict the secondary structure locations of other members of the short-chain subfamily, an accurate amino acid sequence alignment is necessary. Unfortunately, given the high divergence of the sequences in this family, such alignments have been difficult, as has been noted previously [22] [23] [24] [25] . However, the analysis presented above shows that the short-chain helical cytokine family has a well conserved structural framework whose information content could be extended to other members of the family. Fig. 7 shows a sequence alignment profile for the short-chain subfamily based on the framework of the five structures analyzed here. The profile was improved by including the sequences of other species for each cytokine. It consists of the five segments of the consensus framework in which no gaps are allowed, a minimum spacing between each segment, and a requirement that each framework element map largely onto its appropriate exon (see Fig.  7 legend).
The power of the profile was tested by cross-validation analysis, where the five cytokines were each individually removed from the profile and the remaining four were used to find the optimal alignment of the one excluded. The cross-validation tests showed that aA and cxC could be correctly aligned in all five cases, while 032/aD was correctly aligned in four cases, and 31 and cB were correctly aligned in only three cases. The lower performance for 31 may relate to its short length, and for cxB it may relate to the variation in its interaction with the acC to cD connection which causes the hydrophobicity pattern to be less conserved. For the helices that are misaligned, the alignment is incorrect by either 3 or 7 residues (one or two turns) so that the hydrophobicity
pattem is in register. Fig. 7 also reports the alignments yielded by our profile for the putative members of the short-chain subfamily IL-3, IL-7 and stem cell factor (SCF).
Comparison with growth hormone
Human growth hormone is a member of the long-chain subfamily, which clearly has its own unique structural framework. However, since much is known about the way in which growth hormone binds to its receptor [19, 20] , a comparison of the short-chain framework with growth hormone could give insight into how the short-chain helical cytokines bind their receptors. Because the helices are much longer in growth hormone and the helix packing angles are somewhat different, six different alignments are possible which allow a reasonable correspondence of all helical framework residues from the short-chain fold with helical residues from growth hormone (Fig. 8) . Overlay statistics were calculated for each of the six possible overlays (rasters) using each of the five short chain structures (Table 4) . No single raster is best for all five structures, with lowest deviations occurring for rasters la (for IL-2), 3a (for IL-4, GM-CSF and M-CSF), and 3b (for IL-5). However, if it is assumed that a single overlay is valid for all of the structures then raster 3a clearly stands out as the best choice. The alignment for this raster is included in Fig. 7 (as human GH).
Discussion
A comparison of the five known short-chain helical cytokine structures has revealed that there is a structurally conserved framework which includes five segments and nearly half of the residues in each protein.
However, the level of structural difference (as great as 2.9A rms deviation) highlights the malleability of the short-chain cytokine fold. In a study of protein structural evolution by Chothia and Lesk [26] , the pairs with the greatest divergence (hemoglobin at-chain versus erythrocruorin and plastocyanin versus azurin) have an rms deviation of only 2.3k We speculate that there are three main factors contributing to the high plasticity of the cytokine fold: firstly, there is no active site which demands extremely precise positioning of reactive groups; secondly, the individual cytokine structures can co-evolve with their cognate receptor so that even those residues which are important for recognition may have more freedom to change and shift, and thirdly, the fold is based on a helical bundle so that, unlike the -trefoil family of factors [2] , there are no main chain-main chain interactions in the core which must be conserved and thus limit structural divergence.
As in all comparative studies, the exact composition of the framework segments defined here is not absolute: it is a function of the set of cytokine structures used, the fact that equivalencies were based on local rather than global overlays, and the 3 A cutoff value used. Examining the residues included in the 31 segment illustrates this point. If only nIL-4, GM-CSF and IL-2 were used for comparison, four residues which form a short ahelix between ctA and 31 would have been included in the framework (Fig. 3) . In addition, although nIL-4 and xIL-4 (the NMR-derived and X-ray-derived structures, respectively) are very similar, these same extra four residues are not scored as equivalent in the xIL-4/IL-2 pair. This is due to a small difference between xIL-4 and nIL-4 such that the residue preceding 31 is 3.1 A away from its equivalent in IL-2 and is barely excluded by the 3A cutoff.
In addition to the defined structural elements of the framework, other common features of the fold exist. Four of the five proteins have a disulfide bond connecting aB to the loop between moC and P2/aD. However, the cysteine in aB occurs at a unique framework position in each protein (7oLB in IL-4, lcdB in GM-CSF and IL-5, and 8aB in IL-2; M-CSF has a disulfide involving the residue preceding IcB, but connects to a residue after ,32/aD). The disulfide bond and conserved 13-sheet in the short-chain subfamily may be involved in stabilizing the chain crossings which differ from those of the other subfamilies (Fig. 1) . The number of residues is summed over the five structures used in the comparison. The 31 residues of the inner-core and the 30 residues which are external are defined in Fig. 5 . Although the sulfur atoms of cysteine and methionine are technically polar and can be involved in hydrogen bonding, such interactions are rarely seen [581 and we have classified the residues as non-hydrogen bonding. Fig. 7 . Amino acid sequence alignments based on framework residues. The first section shows the aligned sequences of the five known structures and their cognates from different species. The vertical shading shows the residues that constitute the inner core. The numbers between the framework segments are the minimum number of residues required to bridge the adjacent segments. The five lines in the second section are the best alignments resulting from the cross-validation tests. The best alignments which correctly match the true structural alignment are shaded. The four lines in the third section are the optimal alignments of the structurally unknown family members IL-3, IL-7, and stem cell factor (SCF). The vertical shading again highlights the inner core. The last line gives the optimal structural alignment of growth hormone (raster 3a of Fig. 8 , Table 4 ).
Implications for protein design and modeling
In de novo protein design studies, the four helix bundle has been a common target because of its simplicity [27] . It has been shown that designs employing amphipathic helices, with leucines uniformly on the inside and hydrophilic residues on the outside, form extremely stable bundles. However, NMR studies reported that the designs had more of a molten globule-like nature instead of a unique mature structure [28] . The short-chain helical cytokines, each forming a uniquely structured inner core, provide an interesting contrast. Their inner cores contain primarily leucine residues, but also include a significant number of isoleucine, phenylalanine and valine residues, as well as 23 % polar side chains (especially the longer ones), of which about one third are truly fully buried.
Although isoleucine and valine are not strong helixforming residues [29] , when they do occur in a helix, their P-branched side chains can only adopt a single conformation at X1 [30] , providing a significant ordering influence on the core. Similarly, the phenylalanine residues contribute to ordering as they are more conformationally restrained than leucines and are also found primarily as a single rotomer. In addition, buried polar side chains will tend to interact with other polar groups (either on the surface or inside) in a unique fashion, thus further contributing to a specific architecture of the inner core. A detailed analysis of the non-framework residues in each protein is beyond the scope of this paper, but a cursory inspection reveals a number of well buried polar side chains which hydrogen bond to distant portions of the chain to stabilize
The cross-validation test shows that alignments based on a four structure profile are imperfect, but are approaching a reasonable level of reliability. It should be noted that since some of the criteria used in the alignment (the minimum connecting lengths and the exon requirements) were derived from the five known structures, some bias is present even in the cross-validation tests. For instance, if the exon requirement is left out, the number of incorrectly aligned segments jumps from five to eight (data not shown). For predictive purposes, these additional requirements are only helpful if they are obeyed by the structures to be aligned. Indeed, if they are not obeyed then their inclusion guarantees that the profile will deliver an incorrect answer! We purposely have used no other information to generate the predictive alignments of IL-3, IL-7 and SCF, although such information is available in some cases. For instance, we suspect that cxB of SCF is not correctly aligned in Fig. 7 , but that the alignment with M-CSF reported by Bazan [32] which conserves a cysteine preceding residue lcdB will be correct. One of the major contributing factors to the difficulty of aligning members of this subfamily is the sporadic presence of polar residues at inner-core positions. There are nine inner-core positions for which four structures have apolar residues and only one has a polar side chain. It is striking that every one of the five structures contributes such a unique residue: IL-4 has aspartic acid at 51 and arginine at 8aB; GM-CSF has arginine at 5A, tyrosine at 9cdB, and lysine at 5cD; IL-2 has glutamic acid at 12cLB and tryptophan at 8cD; M-CSF has serine at 8C; and IL-5 has glutamic acid at 13ciB. This suggests that even the nine inner-core positions that are seen to be apolar in all of the sequences of the profile need not be apolar in other short-chain cytokines. Since many occurrences of polar residues in the inner core involve complementary substitutions at two or three interacting positions (Fig.  6 ), sequence structure alignment methods using twodimensional residue contact information [33, 34] may perform better than one-dimensional methods [35, 36] . However, even these methods will have difficulty with residues at the interfaces of the inner core and surface which can tuck into the core or point out to the surface depending on the nature of the side chain (Fig. 6a) .
Structure/function predictions
Biochemical studies to identify receptor recognition residues in the short-chain helical cytokines have uni- The six tested alignments of the short chain consensus core with the ac-helices of human growth hormone. The amino acid sequence of human growth hormone is given with asterisks indicating those residues directly involved in receptor binding [19, 20] . The black bars above the sequence correspond to the aligned positions of the consensus framework helices A, C, and D. Rasters 1, 2 and 3 allow for the sliding of the shorter short-chain consensus helices along the longer growth hormone helices and rasters a and b allow for different tilts of the short-chain framework to match the different packing angles of the growth hormone helices. The root mean square deviations (in A) are given for each of the five short-chain structures for each of the six possible ways they can be overlayed on the structure of human growth hormone (see Fig. 8 ). The best raster for each structure is highlighted in bold. All 53 C, positions (from the four helices of the bundle and residue 32) are found to be equivalent, except for four cases of IL-2 noted by asterisks in which only 52 residues were defined as equivalent. formly identified residues which occur on the A, C and/or D helices [5, 18] . One residue implicated to be important in IL-4, GM-CSF, IL-2 and IL-5 is an acidic residue on helix A. Within the consensus framework defined here, these residues are structurally equivalent in IL-4, GM-CSF and IL-5 (position 3ctA), but in IL-2 the residue is one turn further up the helix (position 7caA). However, the side chain conformations are such that the carboxylates superimpose within about 3A, and could conceivably interact with an equivalent residue on a receptor. This example highlights the danger of assigning structural equivalencies on the basis of functional similarities.
Helices A, C and D are also the three main regions of the growth hormone structure which are recognized by its receptor [19, 20] . This suggests that if an accurate structural alignment can be obtained between growth hormone and the short-chain subfamily, then it may be possible to predict receptor-binding residues within the short-chain subfamily. Our comparisons of the short-chain framework with growth hormone suggest that one of the six conceivable alignments is notably better than the others (raster 3a in Fig. 8 and Table 4 ). This alignment (shown in Fig. 7 ) is identical to those previously determined by considering all residues (not just the framework residues) of some individual short-chain structures [18, 25, 37 ]. We will not repeat the discussion of those papers, but note that this alignment does indeed align many known functional residues of the short-chain family members with growth hormone residues which contact the receptor (for example, Asnl2 of growth hormone aligns with the above mentioned acidic residues at position 3aA). From a structural perspective, it is interesting to note that Asp169 of growth hormone aligns with 4tD, a position which is fully buried and occupied by phenylalanine or leucine in all the short-chain structures. As noted by de Vos et al. [ 19] , Asp169 makes buried polar interactions with the side chains of Ser55 and Trp86.
Despite the appeal of the comparison with growth hormone, we note that there may not be a single choice for the correct alignment, as the individual helical cytokines may not all bind their receptors with equivalent residues. The growth hormone-receptor complex suggests that variation will occur because many residues outside of the four-helix bundle are also involved in receptor binding and these residues have no obvious equivalents in the short-chain subfamily. The possibility of the binding site sliding up or down the helical framework by a turn or two along the four-helix bundle would bring another level of flexibility to the evolution of binding specificity for this family fold. Additional cytokine-receptor complex structures are clearly required to provide answers to some of these issues.
Biological implications
Studies of the structure/function relations for cytokines are part of understanding the mechanisms of cell-cell communication at the molecular level. Structural studies have shown that cytokines and growth factors can be grouped into structural classes which transcend the classical nomenclature and groupings originally arising from the different disciplines of immunology, virology, hematology, and physiology. For instance, many proteinaceous messengers which are historically and biochemically quite distinct, including growth hormone, colony-stimulating factors, interferons and some interleukins, are found to share a common structural framework (a helical bundle) and a common receptor type. The members of this structural family can be divided into three subfamilies that are represented by the structures of granulocyte-macrophage colonystimulating factor (GM-CSF), growth hormone and interferon-3, and which we refer to as the short-chain, the long-chain, and the interferonlike fold, respectively. An important goal is to determine how these molecules compare with each other and how information about structure and structure/function relationships can be generalized among these molecules.
In this report, we define a number of structural features shared by the five cytokines that are known to adopt a short-chain fold: IL-2, IL-4, IL-5, GM-CSF and macrophage colony-stimulating factor. However, we also show that even this large amount of information is insufficient to allow us to predict which other proteins will adopt the same fold, because of the high level of divergence in amino acid sequence and in structure seen in this family. We also identify the best structural alignment of the conserved framework of the short-chain fold with the growth hormone structure. This yields potential insights into the mode of receptor binding of the short-chain cytokines based on the structure of the growth hormone-receptor complex.
Materials and methods
Coordinates of the published structures of the cytokines were used for the comparisons (Table 1) . For IL-4, only one NMR 172 Structure 1994, Vol 2 No 3 structure [8, 37] and one X-ray structure [11] were utilized, although more structures have been determined by both methods [9, 10] . For IL-2, the high resolution structure from Hatada (unpublished data), for which we obtained permission to use the C, coordinates, was used for structural comparisons, but it is quite similar to the structure reported by McKay [14] .
Structural superpositions were performed based on c-carbon atoms alone. In order to overlay the structures and assign equivalent residues, the strategy developed by Chothia and Lesk [26] was adopted. In this procedure, equivalent secondary structural elements are chosen manually and used to define an initial conservative set of structurally equivalent segments. One segment at a time, the structures are optimally superimposed [38] and additional residues, adjacent to the original input residues, are identified as equivalent based on a 3 Ai cutoff distance. The residues of the extended segments are then combined to define a complete set of equivalent residues which can be used to calculate the final overlay. This method has the advantage of being more generous in defining equivalent residues than methods based only on separation of residues in a global overlay. In the cases studied here, a-carbons shifted as far as 6.8 A were included in the final overlay. However, we have found that the set of equivalent atoms defined is dependent on which atoms are used in the starting set, and if the output of one round is used as input to the next round the method does not always lead to a self-consistent and reasonable set of equivalent atoms. In this study, a self-consistent result was obtained by a cyclic procedure which used the set of equivalent atoms common to all pairwise comparisons as the input to the next round.
All accessibility calculations and secondary structure definitions were accomplished with the program DSSP [39] . Amino acid sequence alignments were carried out with a modified version of the package developed at Kansas State University [40] using the McLachlan similarity matrix [41] . The modification allows one to specify segments in one of the sequences into which gaps cannot be placed and which we have used to disallow gaps in the segments containing the core fold. Other scoring matrices were also used, but did not give improved results in the crossvalidation tests.
